D i r e c t selection for ovulation rate, uterine capacity, litter size and embryo survival and selection for indexes of ovulation rate with each of the remaining traits were simulated for a swine population. The relationships among these traits were determined from a simulation model that assumed that litter size was always less than or equal to both ovulation rate and uterine capacity. Heritabilities of ovulation rate and uterine capacity were assumed to be .25 and .20, respectively, and uncorrelated genetically and phenotypically. No additional genetic variation was assumed. Responses to weak selection pressure were simulated by recurrent updating of phenotypic variances and covariances combined with the heritabilities of ovulation rate and uterine capacity. Two indexes of ovulation rate and uterine capacity each resulted in 37% greater increase in litter size than direct selection for litter size. Indexes of ovulation rate and either litter size or embryo survival increased litter size by 21% more than direct selection for litter size. Selection for ovulation rate, uterine capacity or embryo survival was 6, 35 and 79%, respectively, less effective than direct selection for litter size. Responses to intense selection pressure were determined by direct simulation of genotypes and phenotypes of individuals. The two indexes of ovulation rate and uterine capacity exceeded direct selection for litter size by 39 and 27%. The indexes of ovulation rate and either litter size or embryo survival exceeded direct selection for litter size by 19 and 13% respectively. Intense selection for ovulation rate or uterine capacity decreased selection response by 26 and 67.%, respectively, relative to direct selection for litter size. Intense selection for embryo survival decreased litter size slightly.
Introduction
Selection for components of litter size in swine is possible by use of techniques such as laparoscopy. embryo eansfer and unilateral hysterectomy-ovariectomy. Before these techniques are applied, however, it is important to investigate the effectiveness of different methods of combining component traits to increase litter size. Bennett and Leymaster (1989, 1990 ) have proposed a model of litter size in swine based on the minimum of uterine capacity and potentially viable embryos. Genetic analysis of the model suggested that selection on either of the components individually will not maximize selection response in litter size. However, direct selection for litter size essentially is selection of the two components by fixed independent culling levels. Therefore, an index of ovulation rate and uterine capacity could lead to greater response in litter size than direct selection for litter size.
Previous attempts to simulate or predict response to selection for litter size or its components have relied on linear models of genetic and phenotypic effects with static covariance structure (Johnson et al., 1984; van der Steen, 1985) . Experimental (Christenson et al.. 1987) and theoretical evidence (Bennett and Leymaster, 1989, 1990) suggests that covariances change due to interaction between components. The purpose of this paper is to compare expected responses in litter size and its components from selection for different criteria using a simulation model of litter size that accounts for the interaction between ovulation rate and uterine capacity.
MOthodS
Responses to selection for ovulation rate, uterine capacity, litter size, embryo survival and four indexes were simulated. Two indexes of ovulation rate and uterine capacity and indexes of ovulation rate with either embryo survival or litter size were derived. The two indexes of ovulation rate and uterine capacity were calculated so that expected gain in uterine capacity was either .82 or .95 times the change in ovulation rate (Pesek and Baker, 1%9). The ratio of uterine capacity to ovulation rate of .82 corresponds to equal increases in means of uterine capacity and potentially viable embryos (Bennett and Leyrnaster, 1989) , and the value of .95 corresponds to the ratio of mean uterine capacity to mean ovulation rate assumed in the base population.
Two indexes were derived using conventional traits and definitions of net merit. These indexes only required knowledge of the statistical relationships, whereas the two indexes of ovulation rate and uterine capacity also required knowledge of the model mechanisms. An index of ovulation rate and embryo survival was calculated using the method of Johnson et al. (1984) by defdng net merit to be .738 x ovulation rate + 12.68 x embryo survival %/100. An index of ovulation rate and embryo survival was also calculated using litter size as the definition of net merit, but the index weights were nearly proportional to those of the method of Johnson et al. (1984) . Consequently, this index was not used. The index of litter size and ovulation rate was calculated assuming that litter size was the definition of net merit. All indexes were derived using parameters ( 
index of phenotypes P1 and P2, index weighting of Pi, variance of x at generation t , covariance of x and y at generation t , predicted SD of x at generation t, predicted r of x and y at generation t, predicted genetic change in x from i standard deviations of selection in generation t, ovulation rate and uterine capacity.
This procedure is appropriate for this model of litter size because, under the assumption of no genetic variance for potential embryonic viability, mean ovulation rate and uterine capacity completely determine means, standard deviations and correlations of uterine capacity, ovulation rate, embryo survival and litter size. Any change in litter size must be mediated through changes in ovulation rate and uterine capacity.
Selection for each criteria was simulated from the initial means of ovulation rate (12.68 ova) and uterine capacity (12.0 pigs) determined by Bennett and Leymaster (1989) . A combined sire and dam selection differential of males and females w'gs based on a single record of their dam's phenotype. Genotypes for ovulation rate and uterine capacity were determined for the top 10 and 30% of females selected. The mean genotype of the top 30% was the mean genotype of dams of replacement gilts. The mean genotype of the top 10% was the mean genotype of dams of sires of replacement gilts. The next generation was simulated with ovulation rate and uterine capacity means equal to the weighted average of the dams of replacement gilts and dams of sires of replacement gilts. Ten generations of selection were simulated. The final generation was expanded to 25.000 litter records to reduce random error in the evaluation of litter size and embryo survival. This type of simulation ignores the temporary effect of genic disequilibrium on variances and covariances (Bennett and Swiger, 1980) . This effect is expected to be small due to low heritabilities and selection on dam's performance. Inbreeding effects also were not simulated.
ReWltS
Results of weak selection predicted by recurrent updating are shown in Table 2 . Starting from the base parameters of 12.0 pigs for uterine capacity and 12.68 ova for ovulation rate, simulation of selection for the two indexes using ovulation rate and uterine capacity resulted in 37% greater response in litter size than direct selection for litter size. Simulation of selection for either the index of and 45% greater than actual correlated responses in litter size. These discrepancies result from the failure of the usual genetic model to account for interactions among components that produce a dynamic covariance suucture.
The selection criteria produced a wide range of relative changes in ovulation rate and uterine capacity. Direct selection for litter size yielded greater relative change in uterine capacity compared to change in ovulation rate than did any of the indexes. This resulted in the greatest relative change in litter size/change in ovulation rate. Consequently, embryo survival increased due to direct selection for litter size. The index derived to increase uterine capacity at 95% of the increase in ovulation rate produced almost no change in embryo survival. The remaining indexes resulted in small declines in embryo survival. The ratio of change in uterine capacity to change in ovulation rate was .80 for the index derived to yield a ratio of 32. This difference occurred because the coefficients of variability for uterine capacity and ovulation rate were constant. As ovulation rate increased more than uterine capacity, its variance increased more; this, in turn, caused ovulation rate to receive somewhat more selection pressure than intended. The index of ovulation rate and litter size resulted in the same ratio of change in components as did the index of ovulation rate and uterine capacity that was intended to increase the number of ova and number of potentially viable embryos equally. Selection for embryo survival decreased ovulation rate and increased uterine capacity.
Selection for litter size starting from a higher initial level of ovulation rate resulted in greater change in uterine capacity and smaller change in ovulation rate than selection from a population with balanced means of components (Table 3) . Selection for embryo survival, starting at the higher level of ovulation rate, resulted in greater changes in both components than selection for embryo survival in a population initially balanced. Selection based on either criterion at the higher ovulation rate resulted in greater response in litter size. Selection for litter size starting at a higher initial level of uterine capacity resulted in greater change in ovulation rate and lesser change in uterine capacity than from a balanced population. The change in litter size also was slightly (9%) greater. Selection for embryo survival starting at a higher initial uterine capacity resulted in less decrease in ovulation rate, a similar change in uterine capacity but a negligible change in litter size compared to selection in a population with balanced means of components.
BENNE7T AND LEYMASTER
Ranking of selection criteria for genetic change in litter size was similar for weak and intense selection (Table 4) . However, intense selection for embryo survival actually resulted in a small decrease in liner size, whereas weak selection for embryo survival resulted in a small increase in litter size. Relative to weak selection, the approximately doubled direct responses from intense selection for either ovulation rate or uterine capacity resulted in a 57% increase in litter size due to selection for ovulation rate and only a 3% increase due to selection for uterine capacity. Intense selection directly for litter size doubled response in litter size but resulted in relatively greater change in ovulation rate compared to weak selection.
Intense selection for the index of ovulation rate and embryo survival resulted in 86%
greater response in litter size than weak selection and relatively more change in ovulation rate. Selection for either an index of ovulation rate and litter size or an index of ovulation rate and uterine capacity weighted to increase potentially viable embryos and uterine capacity equally resulted in similar relative changes in ovulation rate and uterine capacity whether selection was weak or intense. The index of litter size and ovulation rate resulted in greater change in litter size than the index of ovulation rate and embryo survival but less change than either index of ovulation rate and uterine capacity. Intense selection on the index of components weighted to increase uterine capacity at 95% of the increase in ovulation rate resulted in the largest change in litter size, a 39% increase over direct selection for litter size.
Discussion
The methods used herein to simulate selection for litter size are unique. First, the simulation model of litter size was used because it seemed to approximate reproductive phenomena and not because it fit the conventional, linear partitioning of phenotype into genetic and environmental effects. Second, the simulation of litter size resulted in correlations among ovulation rate, uterine capacity, litter size and embryo survival that were the result of interaction between potentially viable embryos and uterine capacity and were not due to pleioaopy. Third, genetic and phenotypic parameters were dynamic because of the interaction. Consequently, selection response depended on the current levels of ovulation rate and uterine capacity. Fourth, intensity of selection affected realized direct and correlated responses because the simulation model was used rather than a linear genetic model. If the simulation model is appropriate. the results of these methods should be more predictive than conventional methods of simulation and prediction.
Selection using the simulation model and parameters proposed by Bennett and Leymaster (1989) showed that correlated responses are dependent on the initial means of ovulation rate and uterine capacity as predicted by Bennett and Leymaster (1990) . Also, selection on an index of ovulation rate and uterine capacity, weighted in either of two ways, was more effective than direct selection for litter size, an index of ovulation rate and embryo survival or an index of ovulation rate and litter size. Compared with any of the indexes, intense selection directly for liner size resulted in somewhat more change in uterine capacity relative to change in ovulation rate. This indicates that selection for litter size, the natural index of components, did not result in the most appropriate weighting of selection emphasis on ovulation rate and uterine capacity. Johnson et al. (1984) reached the same conclusion with regard to the common model of litter size as the product of ovulation rate and embryo survival.
The correlated responses in ovulation rate and embryo survival due to weak and intense selection directly for litter size agree well with results of six selection experiments in mice (Bennett and Leymaster, 1990) . Selection for litter size in mice always has increased ovulation rate with only minor, if any, changes in embryo survival. These past results often have been interpreted to indicate that selection for increased litter size operates primarily through ovulation rate. The present results do not support this interpretation, because increases in uterine capacity are necessary to maintain the level of embryo survival at higher ovulation rates. This hypothesis could be evaluated by fitting regressions of litter size on ovulation rate separately for litter size and control lines of mice and testing for homogeneity of regression coefficients and intercepts. More simply, one could determine whether the lines differ from one another in litter size when compared at the same ovulation rate.
Application of indexes using uterine capacity depend primarily on the existence of uterine capacity and secondarily on the ability to measure it. Evidence for the existence of uterine capacity has been reviewed by Bennett and Leymaster (1989) . Christenson et al. (1987) have validated a method for measuring half of a female's uterine capacity. Measurements based on half of uterine capacity may have slightly lower effective heritability than the value based on complete uterine capacity assumed in the simulation model of litter size.
No attempt was made to account for possible advantages that some selection criteria have in terms of selection intensity or generation interval. Measurement costs would be quite different among the criteria and would have to be considered along with differences in intensity and generation interval before being applied. Results do show the effects of selection on the interrelated reproductive characteristics if the model is valid. It seems impractical to use selection experiments with animals to evaluate conclusively different selection criteria derived to improve litter size. Resources might be used more wisely to validate and modify the simulation model of litter size, depending on simulated selection to identify practical selection criteria. For instance, effects of prenatal fraternity size (Kirkpamck and Rutledge, 1988) on ovulation rate could be incorporated into the simulation model.
Implications
Simulation of selection for litter size and its components showed that litter size increased most when selection was for indexes of ovulation rate and uterine capacity, followed by selection for indexes of ovulation rate and either litter size or embryo survival. Selection by these indexes increased litter size more than direct selection for litter size, which was more effective than independently selecting for uterine capacity, ovulation rate or embryo survival. These results are dependent on the appropriateness of the simulation model.
